Eyespot of rye, caused by two fungal pathogens Oculimacula yallundae and O. acuformis, is widespread throughout many cool and wet cereal growing regions. The study was aimed to estimate eyespot incidence in winter rye crops in three agro-ecological zones of Lithuania, and to quantify eyespot disease causal agents O. yallundae and O. acuformis in the population using the real-time polymerase chain reaction (RT PCR) method. During the 2008-2012 periods, 69 winter rye fields were surveyed and eyespot-affected stems were identified in 92.7% of the crops surveyed. The incidence of eyespot in winter rye crops varied from 8.0% to 82.7% depending on the year and location. The average disease incidence in the reviewed crops was 26.0%. The highest incidence of eyespot averaging 34.0% was identified in the winter rye crops of the Middle Lowland zone. Both eyespot causal agents O. yallundae and O. acuformis were often found to co-exist on the winter rye stems. In the majority of the winter rye crops tested, O. acuformis was predominant in the Oculimacula spp. population. In most cases, O. yallundae was identified only at trace-level concentrations.
Introduction
Among cereal species grown in Lithuania, winter rye is an important plant for bread and is best suited to grow in temperate climates. It produces a high and stable, high-quality yield of grain. Rye is very resistant to frost; its root system can take up nutrients from the deepest soil layers, so it can grow well on soils that are not suitable for growing other cereals such as wheat or barley (Bolibok et al., 2005) .
Eyespot is one of the most important stem base diseases of cereals caused by the two fungi Oculimacula yallundae (Wallwork & Spooner) Crous (Crous et al., 2003) . Eyespot is widespread throughout many cool and wet cereal growing regions: temperate climate regions in Europe, especially in West European countries -the United Kingdom, Germany, France, as well as in our neighbouring country Poland, and similarly in South Africa, North America, Australia (Cromey et al., 2006; Glazek, 2009 ). Eyespot incidence is strongly influenced by the weather conditions; spores are formed in wet conditions only and are splashed by rain (Vanova et al., 2005) . The risk of incidence depends on many other factors such as sowing time, soil type, tillage methods, crop rotation (Bock et al., 2009; Jenkyn et al., 2010; Burnett et al., 2012) . This disease is particularly significant in agricultural systems with reduced rotation, because both pathogens can infect perennial grasses of the Poaceae family and a wide range of cereals including rye (Meyer et al., 2011) . Under favourable conditions, eyespot can damage spring cereals too. According to Lemanczyk (2009) data, the greatest disease incidence (DI = 53.1%) of eyespot in spring rye was established in the year when the total rainfall was highest. In Lithuania, the incidence of eyespot in cereal crops varied depending on the year and site (Gaurilčikienė, 1998; Janušauskaitė, Čiuberkis, 2010) . The symptoms of eyespot are eyeshaped, elliptical lesions on the lower internodes, which disrupt the transport of water and nutrients and predispose the plant to collapse. O. yallundae is a more specialised causal agent of wheat eyespot and is often referred to as W (wheat) type; however, it can affect other Poaceae plants, while O. acuformis is equally pathogenic on rye, wheat and barley and is referred to as R (rye) type. The symptoms on plants caused by O. yallundae and O. acuformis visually do not differ (Ray et al., 2006) ; however, they differ in pathogenicity and occurrence (Fitt et al., 2006) . Visual assessment of individual pathogens in mixed infection is often difficult, because other stem base and root rot diseases have similar symptoms. Polymerase chain reaction (PCR) method is often used in research for positive diagnosis and quantification of pathogens including Oculimacula spp. (Nicholson et al., 1997) . Studies have shown that a higher incidence of eyespot is established using PCR method compared with visual assessment (Jackson et al., 2007) . RT PCR assay is much faster and more accurate. This method was used to quantify Oculimacula spp. in the eyespot-diseased winter rye stems (Walsh et al., 2005) . In Lithuania, the ratio of O. yallundae to O. acuformis in the population has not been studied before.
The research was aimed to estimate eyespot incidence in winter rye crops in different agro-ecological zones of Lithuania, and to quantify eyespot disease causal agents Oculimacula yallundae and O. acuformis in the population using the real-time polymerase chain reaction (RT PCR) method.
Materials and methods

Assessment of eyespot incidence, field samples.
To estimate eyespot incidence in winter rye in Lithuania, plant samples were collected in 2008-2012 from the farms of agricultural partnerships and private farmers. The sampling was done at cereal ripening stage (BBCH 85-89) in different agro-ecological zones of the country: in the Middle Lowland from 13 administrative districts, in Western zone from 8 and in Eastern zone from 11. A total of 250 stems (50 stems from 5 places) from a field were randomly collected for eyespot incidence assessments. Eyespot diseased stems were counted and the disease incidence (percentage of diseased stems) was determined. The lower three internodes of infected stems were cut off, labelled and stored in fabric bags in a refrigerator for further analyses.
Investigation of Oculimacula spp. population structure. Deoxyribonucleic acid (DNA) extraction. Fungal DNA was extracted from rye stems. Each sample collected from commercial fields was composed of 10 randomly selected eyespot-affected stems. Stem segments approximately 2.5 cm in size (Bateman et al., 2000) were ground in a Cyclotec TM 1093 mill (FOSS, Denmark) and homogenised in liquid nitrogen. DNA was extracted from 0.1 g homogenised sample in two replications using a commercial GenElute Plant Genomic DNA Miniprep Kit (Sigma-Aldrich, USA).
Real-time polymerase chain reaction (RT PCR). The standard curve (absolute quantitation, AQ) method was used for O. yallundae and O. acuformis DNA quantification in eyespot-affected stems of winter rye. Plant EF1α Hor1F and Hor2R primers were used to normalize reactions (Nicolaisen et al., 2009 ). The volume per reaction was 20 μl consisting of 10 μl Maxima™ SYBR Green qPCR Master Mix (Thermo Fisher Scientific, Lithuania), 6.9 μl water (nuclease free), 0.3 μl Ocu-R and 0.3 μl YallFHF, 0.3 μl Ocu-R and 0.3 μl AcFDF or 0.3 μl Hor1F and 0.3 μl Hor2R and 2.5 μl DNA (Table 1 For the results of eyespot incidence and amounts of fungal DNA, a standard deviation was calculated using the statistical data processing software Stat Eng. Tables present standard deviation (SD), mean, the least (Min) and the highest (Max) disease incidence.
Results
The incidence of eyespot in winter rye. During the period 2008-2012, in Western zone of Lithuania 17 fields, in the Middle Lowland 23 fields and in Eastern zone 29 fields of winter rye were inspected for eyespot incidence (Table 2) . Eyespot was identified in 92.7% of the surveyed winter rye crops. The incidence of eyespot in assessed winter rye crops markedly varied between locations and years. In 69 rye fields assessed during 2008-2012 the eyespot incidence averaged 26.0%. Depending on the year, the disease incidence in different locations varied from 8.0% to 82.7%. The highest incidence was identified in the Middle Lowland zone in 2009 (82.7%) and the lowest in the Eastern zone in 2011 (8.0%). According to the data averaged over five years, the highest eyespot incidence was in Middle Lowland (34.0%) and the lowest in Eastern zone (18.6%), while in Western zone eyespot affected 25.3% of winter rye stems.
Oculimacula spp. population structure in winter rye crops. Both eyespot causal agents O. yallundae and O. acuformis were often found to co-exist on the winter rye stems. The concentrations of O. yallundae and O. acuformis DNA in winter rye stems varied between experimental years and sites. Of all the samples of winter rye collected during 2010-2012, the highest DNA concentrations of the pathogens were detected in those collected in 2012, while the lowest concentrations were identified in the ones collected in 2010 ( The averaged data of O. yallundae and O. acuformis DNA concentration in eyespot-infected winter rye stems differed between agro-ecological zones annually (Fig.) . In 2010, the amount of DNA of O. yallundae in Middle Lowland and Eastern zone was identified at very low concentration, whereas O. acuformis was determined in all samples from all agro-ecological zones, and in Middle Lowland was five times as high as in Western and Eastern zones. In 2011, the highest concentrations of the O. acuformis DNA were detected in the samples collected in Eastern zone, which were three times higher than in those from the Middle Lowland and twice as high as in the ones from the Western zone. The amount of DNA of O. yallundae in winter rye samples from all locations was very low, and in Western and Middle Lowland zones only trace-level concentrations were identified. In 2012, the largest amount of DNA of both fungus species was determined. That year, in Eastern zone the amount of O. acuformis DNA was 18 times higher than that of O. yallundae, in Middle Lowland 31 times and in Western zone as many as 112 times. In 2011 and 2012, the greatest amount of O. acuformis DNA was detected in the samples from Eastern zone, which was probably caused by rye domination in the crop rotation 
Discussion
The findings of the 2008-2012 field surveys indicated that the incidence of eyespot in winter rye differed between years, locations and fields. Research done in Lithuania in previous years also showed differences in eyespot incidence between years and locations. In 1994-1996, in Dotnuva, Kėdainiai distr., in tetraploid rye crops eyespot affected only single plants (Gaurilčikienė, 2000) ; however, in Vėžaičiai, Klaipėda distr., eyespotinfected rye stems accounted for 3.0-42.8%, and Perloja, Varėna distr. -for 0.9-19.2%. The most severe eyespot incidence was in early sown winter rye crops; however, the disease incidence varied depending on year conditions in particular agro-ecological zone (Gaurilčikienė, 1998) . Crop rotation, soil type, sowing date, rainfall during spring period and cultivation method are crucial to the intensity of the disease (Burnett, 2005 ). In the current study, in rye crops inspected for eyespot presence all of these factors were different, which resulted in great dispersal of disease incidence data in different regions and fields.
Both O. yallundae and O. acuformis are widespread in many cereal production regions of the world, except for South Africa where only O. yallundae has been detected. Literature sources indicate that Oculimacula pathogens infect different plant species at different levels, are not specific to one host-plant species and are characterised by a wide specialization (Kayser, Heitefuss, 1992) . O. acuformis has been reported to be equally identified in wheat and rye, while O. yallundae is more severe in wheat than in rye (Lucas et al., 2000) . Both pathogens can co-exist on one stem and can cause symptoms of eyespot that visually hardly differ on various Poaceae family plants (Fitt et al., 1987) . Previous investigations performed in Lithuania showed that both O. yallundae and O. acuformis were identified on eyespot diseased cereal stems according to fungi morphological characteristics as well as PCR test. Both eyespot fungi occurred at quite similar incidence on rye, wheat, triticale and barley stems and often co-existed on the same stem (Gaurilčikienė et al., 2010; Ramanauskienė et al., 2014) . Pooling the averaged data on the quantity of O. yallundae and O. acuformis DNA concentrations in eyespot-infected winter rye stems, it was estimated that the quantities differed between years and agro-ecological zones annually (Fig.) (Ray et al., 2006) . Both the eyespot incidence and concentrations of O. yallundae and O. acuformis DNA in winter rye stems varied between experimental years and sites. In the present study, from 2010-2012 the highest incidence of eyespot in winter rye crops was in 2012 and the lowest in 2011. In 2012, the highest concentration of O. acuformis DNA in eyespot infected rye stems was found too, while in 2010 and 2011 the amounts of pathogen DNA detected were considerably lower and comparable. However, eyespot incidence in separate fields most often was not corresponded with fungal DNA amounts from diseased stems (Tables 2-3) . We did not find any literature to support the relationship between eyespot incidence and amounts of Oculimacula spp. DNA in rye crop. As has been reported by Turner et al. (2001) , visual and PCR analyses on wheat stems generally supported each other, but there were often variances in relating disease incidence or the severity of symptoms to the amount of pathogen DNA by regression analyses; however, the relationships between symptoms and eyespot pathogen DNA were less clear on some cultivars. Ray at al. (2004) similarly indicated that the relationship between O. acuformis DNA and eyespot incidence or severity in wheat was weak.
In summary, the results presented in this study indicate that eyespot incidence in rye in some fields could be economically important, and that the prevalence of O. acuformis in the Oculimacula population is an important factor for eyespot control in rye crops.
Conclusions
1. Eyespot was identified in 92.7% of the winter rye crops inspected. The disease incidence averaged 26.0%. It occurred at higher incidence rates in the winter rye crops in the Middle Lowland zone. Depending on the year and site, eyespot incidence varied from 8.0% to 82.7%. The highest incidence was identified in the Middle Lowland zone in 2009, while the lowest incidence was recorded in the Eastern zone in 2011.
2. The concentrations of Oculimacula yallundae and O. acuformis deoxyribonucleic acid (DNA) in infected winter rye stems varied between experimental years and sites. Of all the samples of winter rye collected during 2010-2012, the highest DNA concentrations of the tested pathogens were detected in the samples collected in 2012, while the lowest concentrations were identified in those collected in 2010. In the majority of winter rye crops tested, O. acuformis predominated in the Oculimacula spp. population, O. yallundae was identified at trace-level concentration.
